A total of 20 PI clones with an average insert size of 80 kb and each containing a marker(s) specifically mapped on chromosome 5 were isolated from a PI library of the Arabidopsis thaliana genome, and their nucleotide sequences were determined according to a shotgun-based strategy and precisely located on the physical map of chromosome 5 separately constructed. The total length of the sequenced regions were summed up to 1,621,245 bp. By comparison with the sequences in protein and EST databases and analysis with computer programs for gene modeling, a total of 347 potential protein-coding genes and/or gene segments with known or predicted functions were identified. The positions of exons which do not exhibit any similarity to known genes were also predicted. An average density of the genes and/or gene segments assigned so far is 1 gene/4,672 bp. Introns were identified in approximately 78% of the potential genes, and the average number and length of the introns per gene were 3.7 and 161 bp. The transcription level of the predicted genes was roughly monitored by counting the numbers of identified Arabidopsis ESTs. The sequence data and gene information are available through the World Wide Web at http://www.kazusa.or.jp/arabi/.
Introduction
higher plants is also underway for several plants of biological and agronomical importance. Among them, The recent progress in DNA sequencing technology Arabidopsis thaliana, a member of the Brassica family, has allowed us to perform systematic and comprehen-has been chosen as a plant most suitable for genomic sive analysis of genetic information in a variety of organ-sequencing, 6 because the estimated genome size, 130 Mb, isms. The genomes of several micro-organisms includ-j s the smallest among known higher plants and the coning a budding yeast have already been sequenced, 1 " 5 and tent of repetitive sequences is assumed to be low. Morethe complete lists of potential gene complements in their o v e r ; EST information of nearly 30,000 cDNA clones, genomes have been compiled by computer-assisted anal-which facilitates gene identification in genomic sequences, ysis. As a consequence, a large number of novel genes of has been accumulated. 7 ' 8 The physical maps of chromowhich the function should be explored have been antici-s o m e s 2, 4 and 5 out of five chromosomes have been pated. For higher organisms with larger genomes, listing reported. 9 " 11 We also covered more than 80% of chro-
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Sequencing of Arabidopsis thaliana Chromosome 5 [Vol. 4, data deduced, and the final map has to be confirmed by both the restriction and contig analyses. Thus, we first screened the chromosome 5-specific clones from a PI library using known mapped markers, and walked in both directions to close up the gaps among the clones. In addition, the PI contigs were correlated to YAC contigs. As a consequence, we constructed an accurate contig map of PI clones which covers more than 90% of the bottom arm of chromosome 5. In the present paper, we report sequence features of a total of 1,621,245 bp of chromosome 5 which are covered by 20 physically assigned PI clones.
Materials and Methods

DNA materials
DNA libraries of the Arabidopsis thaliana Columbia genome used are the Mitsui PI and CIC YAC libraries, 12 ' 13 which were provided by Mitsui Plant Biotechnology Research Institute and the Arabidopsis Biological Resource Center at the Ohio State University, respectively. The mi markers 14 and other DNA markers used in this study were also obtained from Mitsui Plant Biotechnology Research Institute and the Arabidopsis Biological Resource Center at the Ohio State University, respectively.
Clone isolation
Marker-associated PI clones were isolated as follows. Oligonucleotides were synthesized on the basis of nucleotide sequence data on either reported gene markers, restriction fragment length polymorphism (RFLP) markers or ends of YAC clones. Using the synthesized primers, the Mitsui PI library was screened for each marker sequence according to the three-dimensional pooling method, and both ends of PI clones selected were sequenced. To confirm the map position of the selected clone and to exclude chimeric clones, the occurrence of sequence tag sites (STSs) thus created was examined by polymerase chain reaction (PCR) using CIC YAC clones which cover the corresponding marker regions. The average size of the inserts in the isolated PI clones was 80 kb. The clones are designated with three letters followed by numerals: The first letter M denotes Mitsui PI library, the second letter the number of a 384-well microtiter plate, and the third the row and column numbers of the plate.
Template preparation
For deduction of the nucleotide sequences of the respective clones, we adopted a modified shotgun method, named the bridging shotgun method. 15 The PI DNAs were subject to sonication followed by size-fractionation by agarose gel electrophoresis. Fractions of approximately 1.0 kb and 2.5 kb were cloned into M13mpl8 and named libraries of element clones and bridge clones, respectively. Clones were propagated on microtiter dishes, and the supernatants were used for preparation of sequence templates. The typical reaction mixture for PCR amplification of the templates contained, in a final volume of 20 fi\, 2 /il of the phage supernatant, 50 mM KC1, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X100, 1.5 mM MgCl 2 , 50 /xM each of dNTPs, 2 units of Taq polymerase (TaKaRa, Japan), and 100 nM each of the following sets of primers. KFw (5'-GGGTTTTCCCAGTCACGAC-3') KRv (5'-TTATGCTTCCGGCTCGTATGTTGTG-3') PCR amplification was performed through 30 cycles of the temperature shift consisting of 96°C for 10 sec and 70°C for 60 sec, followed by the final extension at 70°C for 7 min in a PJ9600 thermal cycler. In the sequencing reaction, the products from element clones were used without purification and those from bridge clones with purification by polyethylene glycol.
DNA sequencing and data assembly
The sequencing reaction was performed using the cycle sequencing kits (Dye-primer Cycle Sequencing kit and Dye-terminator Cycle Sequencing kit of Applied Biosystems, USA) and reaction robots (Catalyst 800 of Applied Biosystems, USA, and Labstation of Amersham, The Netherlands), according to the protocol recommended by the manufacturers. The DNA sequencers used were type 373XL and 377XL of Applied Biosystems, USA. The sequences were assembled with the single-pass sequences deduced for one of the strands of element clones and those for both ends of bridge clones, using Phred-Phrap programs (Philip Green, Univ. Washington, Seattle, USA) and the auto-assembler software of Applied Biosystems, USA. The data from bridge clones facilitated efficient and accurate assembling of the entire sequences. With singlepass random sequences corresponding to about 12 times the size of a PI insert, most of the PI inserts were assembled into a single contig with more than 80% coverage of both strands. The minimum prerequisite taken for confirmation of the sequences in the remaining single-stranded gaps was to sequence the complementary strand by either dye-terminator sequencing or dye-primer sequencing or to sequence the same strand by both dye-terminator and dye-primer sequencing. This provided enough accuracy for further analysis of gene structure.
Computer-assisted data analysis
Nucleotide sequences were translated in six frames using the universal codon table, and each frame was subjected to similarity search against the non-redundant protein database, owl (release 29), using the BLASTP program. 16 Positions of each local alignment, which T21894 - showed similarity scores of 70 or more to known protein sequences, were extracted and aligned along the subject sequences. If internal gaps occurred, the alignments under the score of 70 were re-searched to fill in the gaps. Internal gaps as well as proximal exons were also reconstructed by taking into consideration the imaginary exons, which are predicted by the computer programs Grail, 17 FEXA in GeneFinder 18 and ER (Murakami, K. personal communication), only if inclusion of an additional exon clearly improves the Smith-Watermann alignment with the most similar protein sequence. For precise localization of exon-intron boundaries, donor-acceptor sites for splicing were predicted by ASPL in GeneFinder and NetPlantGene programs. 19 If no boundary was predicted by the programs, splice sites were assigned by applying the GT-AG rule around the edges of segments.
To identify transcribed regions, nucleotide sequences were compared with the EST section of the GenBank (release 99) and EMBL (release 50) databases with the BLASTN program. The regions for which the local alignments were 90% or more identity to the Arabidopsis EST sequences along 50 bp or more nucleotides were defined as the transcribed regions.
Structural RNA genes were identified by similarity search against the structural RNA dataset from GenBank with the BLASTN program, and defined as the regions with the local alignments showing 80% or more identities to the query sequences along 50 bp or more nucleotides. For assignment of tRNA genes, prediction by the tRNAscan-SE program 20 was carried out. All the output files obtained from the above analyses were combined to create an HTML-based form by an annotation composing system (manuscript in preparation) for semi-automated gene-modeling process.
The transcriptional level of each of the genes and the gene portions was examined by comparing the nucleotide sequence with those in the EST section of GenBank (release 99) and EMBL (release 50) databases with the BLASTN program, followed by counting the number of the Arabidopsis files showing 90% or more identity along 50 bp or more nucleotides.
Results and Discussion
Isolation and sequencing of PI clones
PI clones which contain the DNA regions corresponding to 19 DNA markers on chromosome 5 were isolated by screening the Mitsui PI library by means of PCR with the primers designed on the basis of the marker sequences. The DNA markers and selected clones used were UBQ-3 (M0K16), m447 (MED24), nga225
, and GSA1 (MBK5). MXM12 was directly isolated as a clone showing RFLP, when used as a probe for genomic Southern hybridization (manuscript in preparation). To confirm the position and integrity of each PI clone, the sequences of both ends of the insert were determined to create sequence tag sites (STSs), and the occurrence of both the STSs on a single YAC clone covering the corresponding region was tested by PCR. The relative positions of the markers and the sequenced clones on chromosome 5 are shown in Fig. 1 . The location of the clones on the accurate physical map of chromosome 5 will be published elsewhere. The relative orientation of each clone on the chromosome is not known at this moment.
The nucleotide sequence of each PI insert was deduced as described in Materials and Methods. The length of the nucleotide sequence of each PI insert finally confirmed is listed in Fig. 2 . MJJ3 and MOP10 overlapped each other and only the sequence of the non-overlapped region Sequencing of Arabidopsis thaliana Chromosome 5
[Vol. 4, of MOP 10 was subject to further analysis. The total length of the DNA regions sequenced in this study was 1,621,245 bp, and the average GC content was 35.8%.
Assignment of the potential coding regions
Assignment of potential protein coding regions and gene modeling were performed by combination of similarity search and computer prediction, as described in Materials and Methods. Briefly, for deduction of protein coding regions, a similarity search was first carried out using the BLASTP program against the protein sequences in the GenBank/EMBL/DDBJ databases. The identified exons were integrated into the gene models constructed with the help of computer programs which predict exons and exon-intron boundaries. Then, the transcribed regions were assigned by comparison of the nucleotide sequences with Arabidopsis ESTs in the public databases. The results of the above analyses are summarized in Fig. 2 .
A single exon or a region containing consecutive multiple exons which showed similarity to a single reported gene throughout the alignment was assigned as a potential protein gene. They were denoted by numbers with the clone names followed by sequential numbers from one end to another of the insert as shown in the left column of the table in each of Fig. 2 . A region which matched only to portions of a reported gene and only to Arabidopsis ESTs were assigned as a potential exon(s) and a transcribed region, respectively. These regions were distinguished from the potential protein genes by adding "p" and "t" between the clone names and the sequential numbers in the identifiers, respectively. All the genes and gene portions assigned in each PI clone according to the above procedure are listed in the table below the figure, and also schematically represented in Fig. 2 . To sum up, 139 potential protein genes, 132 potential exons, and 76 transcribed regions were assigned in the regions comprising the total 1,621,245 bp. The average density of the genes included in three categories was estimated to be 1 gene per 4,672 bp, but the possibility remains that additional genes may be discovered among the intergenic regions in the future.
RNA coding regions were assigned on the basis of sequence similarity to the reported structural RNAs. For tRNA genes, prediction by the tRNAscan-SE program, which looks for conserved sequences and the characteristic secondary structure of tRNAs, was taken into account. As listed in Fig. 2, 9 tRNA genes corresponding to 6 amino acid species were identified and denoted by numbers with the clone names followed by "r" and sequential numbers.
Structural features of the potential protein genes
As described in the previous section, the complete structures of 139 potential protein genes were predicted. They amount for approximately 0.7% of the total gene constituents (20,000 genes) assumed for A. thaliana, even though genes having similarities to the reported genes may be over-represented due to the criteria adapted for gene definition. Structural features of the 139 deduced protein genes are as follows: 1) Gene length including introns varied from 192 bp to 5,706 bp (average = 1,865 bp). 2) Number of introns per gene varied from 0 to 28 (average = 3.7) and the intron density from 1 intron/83 bp exon to 1 intron/3,420 bp exon, respectively.
3) The average lengths of exons and introns were 267 bp and 161 bp, respectively. 4) Introns were not identified in 22% of genes (30/139 genes). 5) An average length of putative gene products was 421 amino acid residues. 6) Average GC contents of exons and introns were 45% and 32%, respectively.
3.4-Expression of the potential protein genes and gene segments
The transcriptional level of each of the potential protein genes and gene segments was roughly monitored by counting the number of matched Arabidopsis ESTs in the public DNA databases. Of the 347 genes and gene segments that we identified, 158 carried EST sequences, indicating that 45% of the total genes in A. thaliana may be represented by the current EST databases. Among the EST-hit genes, 5.7% were hit by 10 or more files, suggesting to be a class of highly transcribed genes. The putative products of such genes include those showing sequence similarity to ribulose bisphosphate carboxylase small chain precursors [lb, 2b, 3b], ubiquitin precursor, ubiquitin-conjugating enzyme, 14-3-3 like protein, cytochrome P450, TH14 protein homolog, T14 protein homolog, and plasma membrane intrinsic protein 2a.
The sequence data as well as the gene information shown in this paper are available through the World Wide Web at http://www.kazusa.or.jp/arabi/. 
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